Introduction
Azole drugs are commonly used to treat Candida infections [1] . However, the misuse of azole compounds in past decades has promoted the emergence of drug-resistant Candida species. Moreover, Candida krusei exhibits intrinsic resistance to fluconazole. C. krusei has been described as a causative agent of disseminated fungal infections in susceptible patients. Although its prevalence remains low among yeast infections (2-5%), its intrinsic resistance to fluconazole makes this yeast important from epidemiologic aspects [2, 3] . Thus, novel anti-candidal agents for azole drug-resistant Candida species and those that are prone to evoke species resistance are urgently needed [4, 5] . One promising source includes antimicrobial peptides (AMPs), which are produced by virtually all life forms as a defense mechanism against competing microbes and represent almost an inexhaustible source of potential therapeutic agents [4] [5] [6] [7] . Indeed, AMPs are powerful, multidimensional defense molecules that are not easily overcame by microorganisms using single-approach resistance strategies. For example, many AMPs act by forming pores in microbial membranes, and it appears to be more difficult for microbes to circumvent this generic mode than the specific metabolic-targeting modes of antibiotics [7] .
Chromogranin A (CGA) is a soluble protein existed in most endocrine cells and neurons. The N-terminal region of CGA was reported to have antimicrobial activities [8] . In our previous work, the antifungal activity of different derivatives of CGA N-terminus was investigated. CGA-N46 (the amino acid sequence from the 31st to the 76th residue of the N-terminus of chromagranin A), corresponding to the N-terminal Pro31-Gln76 sequence of human CGA, was found to have antagonistic activity against Candida species [9] . In ensuing research on the physico-chemical properties of CGA-N46 and its derivatives, we obtained the more effective derivative CGA-N12 (the amino acid sequence from the 65th to the 76th residue of the N-terminus of chromagranin A), which corresponds to the C-terminus of CGA-N46 and the N-terminal Ala55-Gln76 sequence of human CGA. It shares the structural property and physicochemical characters with CGA-N46 [10] . Compared with its mother peptide, CGA-N12 is more stable and has higher antifungal activity and less hemolytic activity [10] . Our previous reports indicated that CGA-N46 decreases mitochondrial potential [11] , an event that occurs in the early stage of apoptosis and plays a key role in this process [12] . We therefore predicted that CGA-N12 inhibits the growth of Candida species by promoting apoptosis.
Apoptosis in mammalian cells has been defined as a highly conservative form of programmed cell death (PCD). Although it has been debated for decades whether yeasts undergo apoptosis, i.e. since the first description of yeast apoptosis [13, 14] , increasing evidence showed that apoptosis is part of the yeast life cycle [15] [16] [17] [18] . Two major apoptotic pathways have been described, namely the intrinsic pathway and the extrinsic pathway [19] . Mitochondria play a vital role in the former, which involves apoptotic factors such as cytochrome c (Cyt c), reactive oxygen species (ROS), intra-mitochondrial calcium ion (Са 2+ ) homeostasis, and mitochondrial membrane potential [19, 20] . Cellular ROS accumulation leads to the opening of mitochondrial permeability transition pores (mPTPs) [16] , which result in Cyt c leakage and a decrease in mitochondrial potential [12] . In mammalian cells, caspases, which can be activated by mitochondrial-released Cyt c, participate in PCD and induce cell death. However, only caspase-like proteases, named metacaspases, are found in plants, fungi, and protozoa [21, 22] . Nuclear DNA breakage and chromatin condensation generally occur at the late stage of apoptosis [23] .
In the present study, the mechanism related to apoptosis in Candida of CGA-N12 was explored by investigating Candida tropicalis mitochondrial potential, intracellular ROS accumulation, changes in mitochondrial Cyt c and Ca 2+ (calcium ion) contents, and metacaspase activation, along with apoptotic phenotypes of cells under the effect of CGA-N12.
Materials and methods
Microorganism and materials C. tropicalis ATCC201381 was supplied by American Type Culture Collection (ATCC; VA, U.S.A.), cultured on Sabouraud dextrose [4% (w/v) glucose and 1% (w/v) peptone], and maintained at 4°C for short-term storage.
CGA-N12 was synthesized by the solid-phase peptide synthesis method with N-terminal and C-terminal de-protection. Peptide purification was performed by high-performance liquid chromatography, and the mass of the peptide was confirmed by mass spectrometry. The anti-candidal activity of CGA-N12 was assessed by the broth micro-dilution method [9] . Other chemicals used in the present study were of analytical grade from commercial suppliers.
Assessment of intracellular ROS accumulation
Intracellular ROS accumulation was detected by dihydrorhodamine-123 (DHR123), an oxidation-sensitive fluorescent dye [24] . Briefly, mid-log-phase C. tropicalis cells [1 × 10 6 CFU (colony-forming unit)] were treated with 75 mM CGA-N12 for 10 h at 28°C. The cells were washed with 20 mM phosphate-buffered saline (PBS; pH 7.0) and stained with 10 mM DHR123 (Sigma-Aldrich, Shanghai, China) for 2 h at 28°C. The samples were analyzed by using a FACSCalibur flow cytometer (BD, U.S.A.). C. tropicalis cells not treated with CGA-N12 were used as a negative control, and 10 mM H 2 O 2 was used as a positive control. Data represent the mean ± standard deviation for three independent experiments. Statistical significance was determined by Student's t-test. P-values <0.05 and <0.01 indicate statistical significance.
Assay of mitochondrial membrane potential
In normal cells with polarized mitochondria, the lipophilic cationic dye JC-1 (5, 5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethyl-imidacarbocyanine) exists as aggregates (red fluorescence, 595 nm); in apoptotic cells with mitochondrial membrane potential dissipation, mitochondrial depolarization leads to the formation of JC-1 monomers (green fluorescence, 525 nm) [18] . The ratio of aggregates to monomers reflects changes in mitochondrial membrane potential. Molecular probes JC-1 (Beyotime, Shanghai, China) was used to examine the effect of CGA-N12 on the mitochondrial membrane potential of C. tropicalis cells, as recently described [18] . Fluorescence of aggregates and monomers was detected by flow cytometry. Briefly, log-phase C. tropicalis cells (1 × 10 6 CFU) were treated with 75 mM CGA-N12 at 28°C for 10 h. The cells were washed and resuspended in 20 mM PBS ( pH 7.0); 1 × JC-1 was added to a final concentration of 2.5 mg/ml, and the mixture was incubated at 28°C for 30 min. The mean fluorescence intensity at 525 or 595 nm was recorded with a FACSCalibur flow cytometer (BD, U.S.A.). C. tropicalis cells not treated with CGA-N12 were used as a negative control, and 10 mM H 2 O 2 was used as a positive control. The ratio of JC-1 aggregate to monomer intensity was calculated, and the data represent the mean ± standard deviation for three independent experiments. Statistical significance was determined by Student's t-test. P-values <0.05 and <0.01 indicate statistical significance.
Preparation of calcein-loaded liposomes
Calcein-loaded liposomes were prepared according to a reported method [25] . Phosphatidylcholine and cholesterol (10 : 1, w/w) were obtained from Sigma-Aldrich (Shanghai, China) and employed to mimic eukaryote cell membranes. The material was first dissolved in chloroform, and the organic solvent was then completely evaporated using a rotary vacuum evaporator at 50°C, resulting in a thin film on the sides of a round-bottomed flask. The dried film was rehydrated with calcein solution (90 mM calcein, 20 mM PBS; pH 7.0), and the mixture was ultrasonicated at 400 W for 15 min and extruded through 0.22-mm pore-size polycarbonate membranes. Free calcein was removed using a Sephadex G-50 column.
Assay of calcein leakage
A suspension of liposomes containing calcein was treated with 75 mM CGA-N12 at 28°C to evaluate CGA-N12-mediated disruption of membrane integrity by measuring calcein leakage [25] . The dye release from liposomes was assessed by measuring fluorescence intensities (Ex. 490 nm, Em. 517 nm) every 0.5 h with a fluorescence spectrophotometer (Cary Eclipse, Australia). For this assay, 20 mM PBS ( pH 7.0) was selected as a negative control, and 10 mM H 2 O 2 was used as a positive control. All samples were examined three times. One hundred percent dye release from liposomes at 10 h was obtained with the addition of 0.1% Triton X-100 in Tris buffer.
Detection of cytochrome c release
CGA-N12-mediated changes in the Cyt c content of mitochondria and the cytosol at different times was analyzed to estimate Cyt c release from mitochondria to the cytosol via differential velocity centrifugation [18] . Briefly, C. tropicalis cells were incubated with 75 mM CGA-N12 for 0, 5, 10, and 15 h at 28°C. The incubated cells were homogenously dispersed in medium [50 mM Tris, 2 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethanesulfonyl fluoride; pH 7.5] and then 2% glucose was added. The mixture was centrifuged at 20 000×g for 10 min, and both the supernatant and cell pellet were collected. The supernatant was centrifuged by superspeed centrifugation (CP-100WX; Hitachi, Japan) at 305 000×g for 45 min, and the resulting supernatant from the superspeed centrifugation was collected for quantification of cytosolic Cyt c. To quantify mitochondrial Cyt c, the cell pellets obtained from centrifugation at 20 000×g in the above step were homogenized in Tris-EDTA buffer (50 mM Tris, 2 mM EDTA; pH 5.0) and centrifuged at 7727×g for 30 s. The resulting pellet was suspended in 2 mg/ml Tris-EDTA buffer (2 mg/ml Tris, 2 mM EDTA; pH 5.0). Ascorbic acid was added to a final concentration of 500 mg/ml for 5 min to reduce Cyt c in cytosolic sample and mitochondrial sample. The absorbance at 550 nm was measured with a spectrophotometer (UV1800; AOXI, Shanghai, China) to determine the relative quantities of reduced cytoplasmic Cyt c and mitochondrial Cyt c in the samples.
Data are presented as the mean ± standard deviation from three independent experiments. Statistical significance was determined by Student's t-test. P-values <0.05 and <0.01 indicate statistical significance.
Detection of calcium ion uptake
To elucidate Ca 2+ uptake under the effect of CGA-N12, Ca 2+ probes Fura-2-AM and Rhod-2-AM (SigmaAldrich, Shanghai, China) were used to detect changes in the Ca 2+ content of the cytosol and mitochondria, respectively [18] . For specific experimental steps, refer to Heejeong Lee's research [26] . C. tropicalis cells (1 × 10 6 ) were incubated with 75 mM CGA-N12 for 0, 5, 10 and 15 h at 28°C; 10 mM H 2 O 2 was used as a positive control. The cells were washed with Krebs buffer (132 mM NaCl, 4 mM KCl, 1.4 mM MgCl 2 , 6 mM glucose, 10 mM HEPES, 10 mM NaHCO 3 , and 1 mM CaCl 2 ; pH 7.2) containing 0.01% Pluronic F-127 (Sigma-Aldrich, Shanghai, China) and 1% bovine serum albumin. The suspensions were incubated with 5 mM Fura-2-AM or 10 mM Rhod-2-AM at 28°C for 30 min. Three washes were performed with calcium-free Krebs buffer. Fura-2-AM and Rhod-2-AM were detected at Ex/Em = 340 nm/510 nm and Ex/Em = 550 nm/580 nm, respectively, using a fluorescence spectrophotometer (Cary Eclipse, Australia).
Detection of metacaspase activity
Activation of Candida metacaspase was measured using the CaspACETM FITC-VAD-FMK In Situ Marker (Sigma-Aldrich, Shanghai, China), a general caspase inhibitor, according to a recently described method [26] . Briefly, C. tropicalis cells (1 × 10 6 ) were treated with 75 mM CGA-N12 at 28°C for 10 h. The cells were then washed and stained with 2.5 mM CaspACE FITC-VAD-FMK In Situ Marker at 28°C for 30 min. The fluorescence intensity was evaluated using a fluorescence spectrophotometer (Cary Eclipse, Australia). C. tropicalis cells that had not undergone CGA-N12 treatment were used as a negative control, and melittin was used as a positive control.
Detection of nuclear condensation
Nuclear condensation was examined by 4,6-diamidino-2-phenylindole (DAPI) staining (Sigma-Aldrich, Shanghai, China) [26] . C. tropicalis cells (1 × 10 6 ) in log phase were treated with 75 mM CGA-N12 for 10 h at 28°C. The cells were washed and then stained with DAPI (40 mg/ml) for 30 min. After washing, the samples were observed using a laser scanning confocal microscope (Olympus FA100, U.S.A.). C. tropicalis cells that had not undergone CGA-N12 treatment were used as a control.
Detection of DNA fragments
Nuclear fragments were examined by agarose gel electrophoresis [27] . Briefly, log-phase C. . Approximately 600 ml of 7.5 M ammonium acetate solution was added, and the samples were placed in an ice bath for 10 min. After centrifugation, the chromosomal DNA in the supernatant was precipitated with the addition of isopropyl alcohol. This crude extraction of DNA was incubated with 10 ml of DNase-free RNase (100 mg/ml) and 20 ml of protease K (10 mg/l) for 1 h at 37°C and then resuspended in 50 ml of TE buffer. This extract was added to 10 ml 6× loading buffer containing nucleic acid dye Goldview I and electrophoresed through a 2% agarose gel at 50 V for 30 min.
Results

CGA-N12 induces ROS accumulation
ROS participate in many significant biochemical processes, though ROS over-generation causes mitochondrial dysfunction and induces apoptosis [16, 28] . In our study, the level of ROS in C. tropicalis cells treated with CGA-N12 was evaluated by assessing DHR123 florescence intensity, whereby an increase in DHR123 intensity can be interpreted as an increase in ROS production. The fluorescence of CGA-N12-or H 2 O 2 -treated cells increased by 30.5% or 78.7%, respectively, compared with the negative control (Figure 1 ). These results indicate that CGA-N12 induced ROS accumulation in C. tropicalis cells. Therefore, CGA-N12 promotes apoptosis in yeast cells by inducing ROS accumulation.
Effect of CGA-N12 on mitochondrial membrane potential
The mitochondrial membrane potential is a key indicator of mitochondrial function, and a dissipation in mitochondrial membrane potential is a sign of early apoptosis [12] . In our study, JC-1 was used to examine mitochondrial membrane potential, and the fluorescence of JC-1 aggregates (FL2) and monomers (FL1) was detected by flow cytometry; the ratio of red (FL2) to green (FL1) fluorescence was calculated, and a decrease in this ratio was interpreted as mitochondrial depolarization. The fluorescence ratios of FL2/FL1 in cells treated with CGA-N12 and H 2 O 2 were 0.88 and 0.38, respectively, which were lower than that (1.74) of the control cells (Figure 2 ). These results indicate that CGA-N12 induces mitochondrial depolarization in cells undergoing apoptosis.
Effect of CGA-N12 on membrane integrity
To determine whether pores can be formed in the fungal membrane, membrane disruption was investigated by examining calcein release from liposomes treated with CGA-N12. The results showed that exposure to CGA-N12 did not cause the calcein encased in liposomes to leak (Figure 3) , which indicated that CGA-N12 cannot disrupt the bilayer of neutral liposomes. In contrast, complete leakage from liposomes was observed at 10 h after the addition of the membrane-disrupting agent Triton X-100.
Release of cytochrome c from mitochondria
Apoptosis is often caused by release of the apoptosis-promoting factor Cyt c from mitochondria into the cytosol [29] . Mitochondrial Cyt c is closely associated with the inner mitochondrial membrane, though it can be released into the cytosol when mPTPs of the outer membrane are open [30] . At 10 h after the treatment of C. tropicalis cells with CGA-N12, Cyt c levels increased in the cytoplasm and decreased in mitochondria compared with the control (Figure 4) . The results show that CGA-N12 induces Cyt c release from mitochondria to the cytoplasm after 10 h of treatment, which will active caspases to promote apoptosis.
Effect on cytosolic and mitochondrial calcium ion levels
Calcium is a key regulator of mitochondrial function and acts at several levels within the organelle to stimulate ATP synthesis [31] . Increases in cytosolic and mitochondrial Ca 2+ levels induce ROS accumulation, and eliciting an increase in mitochondrial membrane permeability, and the dysregulation of mitochondrial Ca 2+ homeostasis is now recognized to play a key role in several pathologies [31, 32] . The Ca 2+ -sensitive fluorescent dyes Fura-2-AM (cytoplasm) and Rhod-2-AM (mitochondria) were employed to measure changes of Ca 2+ contents in the cytosol and mitochondria, respectively, after treatment with CGA-N12. Compared with the control, Ca homeostasis. The increased cytosolic Ca 2+ and ROS generation initiates yeast apoptosis by triggering mitochondrial permeabilization and release of proapoptotic factors.
Metacaspase activation
Loss of mitochondrial membrane potential is considered a hallmark of the early stage of the apoptosis pathway, and this event coincides with caspase activation [32] . To assess metacaspase activity, we utilized CaspACE ™ FITC-VAD-FMK In Situ Marker, a fluorescent analog of the caspase inhibitor Z-VAD-FMK. The fluorescein isothiocyanate (FITC) group replaces the carbonyl group (Z) in the N-terminal blocking group to produce a fluorescent apoptotic standard, and this structure allows the caspase inhibitor to enter a cell and irreversibly bind to activated caspases in situ; caspase activity is then detected in situ by green fluorescence. Compared with the control, the fluorescence of CGA-N12-treated cells increased by 30.11% (Figure 6 ), demonstrating that CGA-N12 triggers metacaspase activity. The activated metacaspase leads the cells into caspase-dependent apoptosis.
Effect of CGA-N12 on apoptotic phenotypes
Chromatin condensation and DNA fragmentation occur in the late period of apoptosis and are used as key markers of the process [33] . In this study, DAPI, which is able to bind to AT sites within the minor groove of DNA [24] , was used to assay chromatin condensation. Compared with untreated cells, cells treated with CGA-N12 exhibited chromatin condensation ( Figure 7A ). Agarose gel electrophoresis was also performed to assess whether CGA-N12 affects the integrity of yeast DNA. After treatment with CGA-N12, chromosomal DNA was degraded into fragments of approximately integer multiples of 100 bp ( Figure 7B ), revealing a typical DNA 'ladder'. These results demonstrate an apoptotic phenotype in C. tropicalis cells.
Discussion
In the present study, we found that CGA-N12 did not perturb the plasma membrane, i.e. CGA-N12 is different from a membrane-active peptide [34] [35] [36] [37] [38] . Accordingly, we examined the intracellular responses of CGA-N12, which was found to induce ROS accumulation and a dissipation in mitochondrial potential. In addition, CGA-N12 promoted cytosolic and mitochondrial Ca 2+ uptake, Cyt c release, and metacaspase activation as well as nuclear condensation and DNA fragmentation.
Mitochondrial dysfunction has been shown to participate in the induction of apoptosis and even been the central of the apoptotic pathway. Membrane potential is a key to maintaining mitochondrial function [12] . There are emerging data, suggesting that the loss of mitochondrial potential may be a consequence of the apoptotic-signaling pathway [39] . In our research, after the treatment of CGA-N12, a dissipation of the mitochondrial membrane potential appeared.
Apoptosis is associated in many cases with the generation of ROS in cells across a wide range of organisms including lower eukaryotes such as the yeast Saccharomyces cerevisiae [28] . Oxidative stress is linked to the level of Ca 2+ , which plays a significant role in the regulation of cellular processes [32] . In addition, mitochondrial ROS production is closely related to mitochondrial Ca 2+ homeostasis [31, 32] . Conversely, mitochondrial matrix Ca 2+ overload also can lead to enhanced generation of ROS [31] . With many stimuli, increased cytosolic Ca
2+
and ROS generation are the triggering signals that lead to mitochondrial permeabilization and release of proapoptotic factors, which initiate yeast PCD [31, 32] . In this study, CGA-N12 induced accumulation of ROS in cells, and cytosolic and mitochondrial Ca 2+ homeostasis was altered by Ca 2+ influx. Ca 2+ uptake induction has also been reported for some AMPs, such as scolopendin, cecropin A, and other antileishmanial agent Allicin, which, inducing Ca 2+ influx into mitochondria, is a part of the apoptotic phenotype [18, 20, 24, 40] . Endogenous oxidative stress directly leads to the opening of the mPTPs, followed by induction of apoptotic markers in the whole yeast cells [16] . The opening of mPTPs leads to the increase in mitochondrial permeability, causing the release of apoptotic factors, such as Cyt c, from mitochondria to the cytoplasm [41] ; a decrease in mitochondrial membrane potential then ensues [32, 42] . Cyt c has been identified as a key signaling molecule of apoptosis; it can initiate the caspase activation cascade once released into the cytosol through interactions with apoptotic protease-activating factors (Apaf ) [29] . Two types of Cyt c are found in the mitochondrial interior membrane space: one that is free or is weakly associated with the inner phospholipid membrane [43, 44] and another that stably binds to the inner mitochondrial membrane via electrostatic interactions and hydrophobic forces [45] . The former type is responsible for mitochondrial respiration, whereas the latter activates apoptosis [46] [47] [48] . Although certain studies suggest that Cyt c is related to apoptosis in yeast [41, 49] , it is not clearly understood whether Cyt c participates in yeast apoptosis in the same way as it does in mammalian cells [41] . Our results verify that Cyt c is released from mitochondria and participates in apoptosis of yeast cells after treatment with CGA-N12.
Two families of caspase-like proteins have been identified: Paracaspases (found in metazoans and Dictyostelium) and metacaspases (found in plants, fungi, and protozoa) [21] . To date, there are no reports of metacaspase involvement in apoptosis of C. albicans. However, it has been recognized that the S. cerevisiae genome harbors a single metacaspase, YCA1, which has caspase-like activity and has been implicated in yeast apoptosis [22] . Additionally, YCA1 has been associated with apoptosis in yeast cells exposed to H 2 O 2 [22] . CaMCA1, a homolog of S. cerevisiae metacaspase YCA1, could both attenuated oxidative stress-induced cell death and caspase activation [50] . In our research, metacaspase activation coincided with apoptosis in C. tropicalis cells.
In mammalian cells, apoptosis is classified into caspase-dependent and caspase-independent apoptosis [15] . Apoptotic stimuli typically lead to the release of Cyt c, ultimately activating caspase. In contrast, metacaspase in yeast cells acts as an executioner, inducing irreversible apoptosis, and Cyt c release is not followed by metacaspase activation [32] . CGA-N12 was found to induce Cyt c release, caspase activation, and apoptosis in C. tropicalis cells. Nonetheless, further research is needed to investigate whether the Cyt c released from mitochondria induces metacaspase activation.
Intracellularly accumulated ROS mainly attack the nucleic acids of chromosomes, which result in single-or double-stranded DNA breaks [28, 51, 52] , and DNA fragmentation and nuclear condensation are typical features of late apoptosis. After treatment of CGA-N12, DNA fragmentation and nuclear condensation were also appeared. Therefore, C. tropicalis cell death due to CGA-N12 shares many comparable features with yeast apoptosis.
In conclusion, the predicted intracellular mechanism of action of CGA-N12 in C. tropicalis cells occurs through induction of intracellular ROS accumulation. Under the condition of oxidation stress, mitochondrial membrane permeability increased, which allowed an efflux of Cyt c from mitochondria and an influx of Ca 2+ into mitochondria, without disturbing membrane integrity and resulting in the dissipation of mitochondrial membrane potential, which is also a sign of apoptosis. Metacaspases in cytoplasm were activated by Cyt c leaked from mitochondria. Metacaspase activation promoted apoptosis, and ROS accumulation further induced nuclear condensation and DNA fragmentation, which represent the late apoptotic phenotype. Therefore, CGA-N12 induced apoptosis in C. tropicalis by attenuating mitochondrial function. Further investigation is needed to evaluate whether CGA-N12 induces caspase-dependent apoptosis in yeast. 
